HCN channels mediate the hyperpolarization-activated current I h , and thus play important roles in the regulation of brain excitability. The sub-cellular distribution pattern of the HCN channels influences the effects that they exert on the properties and activity of neurons. However, little is known about the mechanisms that control HCN channel trafficking to subcellular compartments or that regulate their surface expression. Here we studied the dynamics of HCN channel trafficking in hippocampal neurons using dissociated cultures coupled with time-lapse imaging of fluorophore-fused HCN channels. HCN1-GFP channels resided in vesicle-like organelles that moved in distinct patterns along neuronal dendrites, and these properties were isoform-specific. HCN1 trafficking required intact actin and tubulin, and was rapidly inhibited by activation of either NMDA or AMPA-type ionotropic glutamate receptors in a calcium-dependent manner. Glutamate-induced inhibition of the movement of HCN1-GFP-expressing puncta was associated with increased surface expression of both native and transfected HCN1 channels, and this surface expression was accompanied by augmented I h . Taken together, the results reveal the highly dynamic nature of HCN1 channel trafficking in hippocampal neurons, and provide a novel potential mechanism for rapid regulation of I h , and hence of neuronal properties, via alterations of HCN1 trafficking and surface expression.
Introduction
The ion channel repertoire of neurons contributes critically to the regulation of neuronal activity: The response of a neuron to an incoming input depends (among other factors) on the molecular composition of its ion channels, their relative abundance, their sub-cellular location, and the fine-tuning of their biophysical properties. Mechanisms that control the function, expression levels and / or sub-cellular localization of ion channels can influence neuronal function in many ways and at different time-scales (Zhang and Linden, 2003; Beck and Yaari, 2008) . During the past decade, dynamic regulations of ion channel trafficking and surface expression have emerged as pivotal mechanisms in many forms of neuronal plasticity. However, whereas substantial advances have been made in uncovering the cellular dynamics of synaptic ion channel trafficking (Kennedy and Ehlers, 2006) , less is known about the transport of extra-synaptic dendritic channels that contribute to intrinsic excitability.
HCN channels are a family of voltage-gated ion channels that mediate a non-selective cationic current named I h . Unlike other voltage-gated ion channels, members of the HCN family are activated upon hyperpolarization of the cell membrane, and this unusual feature endows them with unique and versatile roles in the regulation of neuronal excitability (Robinson and Siegelbaum, 2003) . The sub-cellular distribution of HCN channels varies in different cell types and brain regions, and is important for determining the effects that these channels exert on neuronal excitability (Santoro and Baram, 2003) . For example, in CA1 hippocampal pyramidal neurons, HCN1 channels are concentrated in the apical dendrites, and channel density is much higher in the distal compared with the proximal dendritic span (Lorincz et al., 2002) . This gradient has been shown to contribute to normalizing dendritic inputs arriving at different locations along the dendrite (Magee, 1999) . In another region of the hippocampal formation, the entorhinal cortex, HCN1 channels are enriched in axon terminals during development, and this localization is developmentally regulated, diminishing in the adult (Bender et al., 2007) . Interestingly, patterns of distribution of HCN1 channels have been recently shown to depend on neuronal network activity: Elimination of synchronized neuronal input to the distal dendrites of CA1 pyramidal neurons abolished the gradient of HCN1 channel distribution (Shin and Chetkovich, 2007) , and manipulation of activity levels modified the axonal pre-synaptic expression of HCN1 in entorhinal cortex neurons (Bender et al., 2007) . These forms of activity-dependent regulation of HCN channel distribution take place at time-scales of days. However, it is unknown if HCN channel transport to subcellular compartments and modulation of surface expression of the channels may take place more rapidly, at the time scale of minutes. These alterations in channel distribution, in turn, might provide the basis for rapid changes in I h that contribute to types of neuronal plasticity that take place within minutes (van Welie et al., 2004; Fan et al., 2005) .
In this study, we sought to examine directly the dynamics of HCN channel trafficking and surface expression, and their rapid regulation by neuronal activity. Whereas heterologous expression systems provide valuable information regarding basic cellular processes, the complexity of neuronal systems imposed by the polarized morphology of neurons and their unique electrical activity cannot be reproduced in heterologous models. Therefore, we expressed GFP -fused HCN channels in cultured hippocampal neurons and employed time-lapse imaging to study the kinetics of the trafficking of theses channels. We found that HCN1-GFP channel proteins were expressed on the cell membrane of hippocampal neurons where they exhibited biophysical properties similar to wild-type channels. Time-lapse live imaging revealed that HCN1-GFP channel protein was present in vesicle-like organelles that moved bi-directionally along dendrites, and these distribution patterns and mobility differed from those of the HCN2 channel isoform. Trafficking of HCN1-GFP puncta required actin and microtubules, and was drastically inhibited by exposure to the excitatory amino-acid glutamate, via a process that involved calcium and both NMDA and AMPA-type glutamate receptors. The rapid glutamate-induced arrest of HCN1 channel movement was associated with a reversible increase of HCN1 channel surface expression and with augmented I h . Taken together, these findings demonstrate the dynamic nature of HCN1 channel trafficking and suggest a novel mechanism by which neuronal activity can up-regulate I h within minutes via alterations of HCN1 channel trafficking and surface expression.
Experimental Procedures
Hippocampal cell culture Dissociated hippocampal primary cultures were prepared from postnatal 0 (P0) Sprague-Dawley rats. Hippocampi were quickly dissected, removed from adherent meninges, and incubated for 30 minutes in buffered salt solution containing 10 units/ ml papain (Worthington). After removal of the papain, cells were mechanically triturated and plated at a density of 400-600 cells/mm 2 on 12 mm coverslips that were pre-coated with poly-D-lysine (Sigma). Cultures were initially maintained in Neurobasal Medium (NBM) with B-27 supplement (Invitrogen) at 36°C and 5% CO 2 . Three-4 hours after plating, half of the culture medium was replaced with a Neurobasal/B-27-based medium that was pre-conditioned for 24 hours by 1-to 2-week old non-neuronal cell culture prepared from P3-P4 rat cortices. Cultures were subsequently refreshed every 3-4 days with the conditioned medium. On the third day in vitro (DIV), 1 mM Cytosine-Arabinoside (Sigma) was added to the culture media to inhibit glial proliferation. All experiments complied with NIH and UCI animal care regulations Plasmid DNA constructs cDNA constructs containing the GFP sequence in the C' terminus of the mouse HCN1 cDNA (inserted between amino acids residues 885 and 886), or the hemagglutinin (HA) tag at the HCN1 extracellular domain between transmembrane domains S3 and S4 (residues 231-232) were generated as described previously (Lewis et al. 2009 ). The N'-terminus GFPconjugated mHCN1 (HCN1-GFPn) and mHCN2 (HCN2-GFP) constructs were a gift from Dr. Santoro (Columbia University); previous studies found that the two constructs yielded functional I h with biophysical properties typical for the respective isoform expressed in heterologous systems (Santoro et al. 2004 ). mCherry-HCN1 was created by inserting the cDNA encoding mCherry from pRSET-B-mCherry (generously provided by Dr. Roger Tsien, University of California San Diego) instead of the GFP in the Age1/Xho1 site of the HCN1-GFPn construct.
Neuronal transfection of plasmid DNA
Primary neuronal cultures were transfected with plasmid DNA constructs on DIV 7-10, using the Lipofectamine 2000 method (Invitrogen). Transfection mixtures that included 100 ml Opti-MEM I (Invitrogen), 2 mg Lipofectamine and 0.5-1 mg plasmid DNA were incubated at room temperature for 20 minutes and then added to each coverslip. To reduce potential toxicity of the lipo-cationic transfection reagent, the transfection mixture was removed entirely at 1.5-2 hours post-transfection, and cultures were refreshed with NBM + B-27 medium that was CO 2 -and temperature-equilibrated prior to transfection, as described in a previously published protocol (Misonou and Trimmer, 2005) . The membrane capacitance of transfected neurons as measured by whole-cell voltage-clamp recording (32.2±2.5 pF; n=19) was not different from that of age-matched, naïve, non-transfected neurons (33.8±6.4 pA; n=9; p>0.05) or of non-transfected neurons that were exposed to the Lipofectamine 2000 reagent for a similar duration of time (33.0±5.0 pF; n=6; p>0.05). GFP signal was detected in transfected neurons as early as 6 hours after transfection, was stable during the 24-48 hours time-window, and persisted for a minimum 72 hours post-transfection. Therefore, all experiments were performed 24-48 hours post-transfection. Pilot experiments demonstrated that transfection efficiency was 2-6% when using 0.5-1 mg plasmid DNA per coverslip. Increasing DNA concentrations did not result in higher transfection efficiency, and reducing DNA amounts below 0.5 mg resulted in a significant reduction in transfection efficiency (<1%).
Disruption of microtubules and actin
To test the involvement of cytoskeletal elements in HCN trafficking, Jasplakinolide (Invitrogen) or Nocodazole (Sigma) were freshly diluted from frozen stock aliquots to final concentrations of 0.5 µM and 10 µM, respectively, in 0.06% DMSO (vehicle control).
Time-lapse live imaging and analysis
Live cultured neurons expressing HCN1-GFP or HCN2-GFP were either kept in bath solution (see below), or subjected to increased synaptic excitation via the application of glutamate (10 mM for 10 minutes). In experiments testing the involvement of ionotropic glutamate receptors, the specific NMDA receptor blocker APV (100 mM; Sigma) or the AMPA receptor blocker CNQX (50 mM; Sigma) were added to the bath solution 10 minutes prior to imaging. Neurons were imaged using a Nikon TE-2000U inverted microscope, using a 40X objective (N.A 0.60). Coverslips were placed in a bath chamber containing HEPESbuffered bath solution (in mM): NaCl 110, KCl 5, CaCl 2 1.8, MgCl 2 1.3, D-Glucose, HEPES 10; pH 7.40. The bath solution was adjusted with sucrose to 290-300 mOsm and kept at 34-36°C throughout the experiment. In experiments testing the role of extra-cellular calcium, calcium was excluded from the HEPES-buffered solution described above, and 5 mM EGTA was added. Cells with healthy appearance and relatively low HCN1-GFP or HCN2-GFP expression levels were selected for imaging and analysis. Only one cell was chosen from each coverslip, to minimize interdependence of observations. In most time-lapse sessions, 39 images were acquired at intervals of 5 seconds (total time: 190 seconds), with an exposure time of 500 ms per image. In experiments involving more than 2 imaging sessions (e.g. studies of the reversibility of the glutamate effect on HCN1-GFP trafficking), only 20 or 25 images were taken per session, to limit photo-bleaching. Images were captured using a CCD monochrome 12-bit camera (Retiga 2000R; Qimaging), acquired with NIS-Elements-D software (Nikon), and colorized for presentation. Time-lapse movies are available online (see Supplemental Information).
For the analysis of puncta mobility, a custom-written program in MATLAB (Mathworks) was used, which enabled manual tracking of single puncta and storage of relevant information for each punctum (such as the kinetic properties of the movement, location, size and light intensity). To be classified as "mobile", puncta had to move >0.36 mm (equivalent to >2 pixels) at least twice during the sampling period. Analyses of velocity, pause time and directionality (Figs 3 and 4) were based on mobile puncta only, which comprised 27.7% of the total HCN1-GFP puncta population (based on >1500 puncta from 11 neurons) and 6.1% of HCN2-GFP (based on 498 puncta from 6 neurons, see Fig. 4 ). The directionality index presented in Fig. 3F was calculated for each punctum using the following formula:
Where D distal represents the distance traveled by a punctum away from the soma during the sampling period, D proximal represents the distance traveled towards the soma, and D total represents the total distance traveled in both directions. If a punctum moved exactly the same distance towards and away from the soma its directionality index would be 0 (representing a bi-directional punctum), whereas a movement solely in one direction would yield a value of -1 for a pure centripetal movement and +1 for a pure centrifugal movement. The absolute value of directionality ( Fig. 3G) represents the degree to which a puncta was uni-or bidirectional.
The time-course of the glutamate induced arrest shown in Fig. 6B was calculated by quantifying the fraction of mobile puncta (normalized to the total puncta population for each cell) throughout the sampling period, then binning it into 30 second time frames (the first 10 seconds of the 3:10 min imaging period were not included in the analysis to enable equally binned periods of 30 seconds). Pooled, quantitative analysis of HCN1-GFP mobility under different conditions ( Fig. 6E ) was performed as follows: The fraction of mobile puncta was calculated for each cell during the 3 minute imaging epoch prior to treatment, and during the 3 minute epoch starting 7 minutes following treatment. The post-treatment value was then expressed as % of pre-treatment value for each cell. Statistical significance was determined using paired t-test (two-tailed). Kymographs were generated in ImageJ (NIH), using the "multiple kymograph" plug-in (J. Rietdorf and A. Seitz). All analyses were performed without knowledge of the experimental condition.
Immunocytochemisty
Fixed Cells: Neurons were fixed in PBS with 4% paraformaldehyde for 20 minutes on ice, permeabilized with 0.1% Triton-X, and blocked with 5% normal goat serum and 1% bovine serum albumin (BSA). Antibodies used included rabbit anti-HCN1 (1:4000; Chemicon; Lot#: 0605029427), guinea-pig anti-HCN1 (1:4000, Shin and Chetkovich, 2007) or monoclonal mouse anti-HCN1 (1:4000; NeuroMab; clone N70/2); mouse anti-GAD-65 (1:1000; Boehringer Mannheim), mouse anti-MAP-2 (1:16000; Sigma) and monoclonal mouse anti-a-tubulin (1:1000 Sigma). Immunolabeling of endogenous HCN1 (Fig. 3A ) was accomplished using tyramide signal amplification (TSA) according to the manufacturer's instructions (PerkinElmer) . Labeling of f-actin was accomplished by incubating neurons with 165 nM of alexa-fluor 568-conjugated phalloidin (Invitrogen) for 30 minutes, followed by rigorous washes.
Differential labeling of internal and surface HCN1 channel protein: Labeling of surface HA-HCN1 channels was performed on live neurons without detergents (to avoid cell permeabilization). First, HA-HCN1-transfected cultures were incubated with either glutamate or bath solution (vehicle) at 36°C in a similar manner to that described for the time-lapse imaging experiments. After a 10 minute incubation, cultures were transferred to 4°C (to arrest trafficking processes), and incubated with mouse monoclonal HA antibody (1:100; Covance; clone 16B12) for 40 minutes, followed by a 15 minute incubation with alexa-488-conjugated anti-mouse IgG (1:600; Invitrogen). Cells were then fixed, permeabilized and blocked, followed by overnight incubation with monoclonal rat anti-HA (1:500; Roche; clone 3F10) at 4°C, to label the remaining (intracellular) HA-HCN1 channels. Antibody displacement was unlikely in this experimental set-up because fixation of the cells after surface-labeling with the first primary antibody stabilized the antibody-antigen complex. Images were captured using a laser-scanning confocal microscope (Olympus IX-70), with a LaserSharp 2000 (BioRad) acquisition software. Images were acquired with a 60X objective (N.A 1.40), except for the image in Fig. 1D , which was obtained with a 20X objective. Imaging of surface HA-HCN1 channels was performed with equal exposure parameters for all neurons of the same experiment, and neurons from 3 independent experiments (2-4 coverslips per condition per experiment) were imaged and analyzed. Three apical dendritic segments, located 50-200 mm away from the soma, were selected per neuron. For each dendritic segment, background intensity levels were measured and only pixels that had intensity values significantly higher (p<0.05) than background were included in the analyses. Using the histogram function in ImageJ software (NIH), pixels with significant signal intensity in the green or red color channels (representing surface and intracellular HA-HCN1 channels, respectively) were counted, and a surface/ total ratio was derived. In total, 33 dendritic segments from 11 cells were analyzed per condition.
Electrophysiology I h was recorded from visually identified pyramidal-like neurons in dissociated hippocampal cell cultures using standard whole-cell patch clamp techniques. The bath solution contained (in mM): 125 NaCl , 4 KCl, 1.25 NaH 2 PO 4 , 25 NaHCO 3 , 2.0 CaCl 2 , 1.0 MgCl 2 , and 20 dextrose. The bath solution was bubbled with 95% O 2 /5% CO 2 , and continuously superfused at a rate of 1-1.5 ml/min. In initial experiments aimed to characterize I h in cultured hippocampal neurons, BaCl 2 (0.5 mM) was added to block inward-rectifier potassium currents (I k(ir) ), and NiCl 2 , (0.1mM) to block low threshold calcium currents. TTX (0.5-1 mM) was added to suppress action potentials, and APV (20 mM), CNQX (10 mM) and bicuculline (5 mM) were added to block spontaneous synaptic events. When modulation of I h by activity was examined, none of the blockers mentioned above were added. Recording electrodes were pulled from borosilicate glass capillaries (Sutter Instrument). The pipette was filled with (mM): 120 K-gluconate, 20 KCl, 2 MgCl 2 , 0.5 CaCl 2 , 5 EGTA, 20 HEPES, 4.0 Na 2 -ATP, 0.3 Na 2 -GTP, adjusted to pH 7.3 with Tris-Cl and 295 mOsm. Pipette resistance as measured in the bath solution was 4-6 MΩ. Data were collected using an Axopatch 700A amplifier, a Digidata 1322A 16-bit data acquisition system, and pClamp software version 9.2 (Molecular Devices). Voltage and current traces were filtered at 1kHz, 5 kHz and digitized at 10 kHz, 20 kHz, respectively. Measurements of membrane input resistance (R m ) and capacitance (C m ) were performed by applying a 10 mV test pulse from a holding potential of -70 mV to -60 mV for a duration of 10 ms. Calculation of final C m and R m values followed the method first described by Lindau & Neher (Lindau and Neher, 1988) . I h was evoked by 5-second long hyperpolarizing pulses starting from a holding potential of -50 mV and carried out in increments of -10 mV (maximal step = -120 mV). At the end of the hyperpolarizing pulse, the membrane potential was stepped to -65 mV, to record tail currents. To measure the effect of neuronal activation on I h , a baseline was first obtained by recording I h 7-10 minutes after reaching the whole-cell configuration; glutamate (10 μM) was then applied to the bath solution for 10-15 seconds, followed by recordings of I h (voltage steps were applied from resting holding potential to -100 mV) in intervals of 5 minutes. Recordings were made at 30-32ºC.
The amplitude and kinetic properties of I h were analyzed using Clampfit 9.2, Origin 6 (OriginLab) and GraphPad PRISM 2.0 (GraphPad). Final graphs were produced in Igor Pro (Wavemetrics). Current amplitude was determined by subtracting the instantaneous current at the beginning of the voltage step from the sustained component at the end of the pulse. To determine the time constants of I h activation, a double exponential function was used, applying the Chebyshev fitting routine of Clampfit 9.2. For analysis of activation curves, the tail current amplitudes were normalized to the maximal tail current amplitude evoked by a command potential of -120 mV and plotted against the corresponding precedent command potential. The resulting data points were fit with a Boltzmann equation. Statistical significance was assessed using t test (two-tailed, unpaired), the Mann-Whitney test or ANOVA, as indicated. Data are presented as means ± S.E.M.
Hippocampal organotypic slice cultures and biotinylation assay
Organotypic hippocampal slice cultures were prepared from P8 Sprague-Dawley rats, using previously described methods (Bender et al., 2007; Zha et al., 2008) . On DIV 6-7, sister cultures were exposed to PBS (controls) or to 50 µM L-glutamate for 10 minutes at 36 o C. Slice cultures were then washed quickly with ice-cold PBS (pH 7.4), followed by a 30 minute incubation with 2 mM Sulfo-NHS-SS-biotin (Pierce) at 4 o C. Excess biotin was quenched with 100 mM glycine in Tris-buffered saline, and the tissue homogenized in lysis buffer composed of 50 mM Tris-HCl pH 8.0, 150 mM NaCl, 5 mM EDTA, 1% Triton X-100 and protease inhibitor cocktail. One third of the protein sample was reserved (-80 o C, representing the total pool of both surface and intracellular protein), and the remaining two thirds were precipitated with ImmunoPure immobilized Streptavidin beads (Pierce) at 4 o C. Western blots were performed as previously described (Richichi et al., 2008; Zha et al., 2008) , using the following primary antibodies: monoclonal mouse anti-HCN1 (1:500; NeuroMab), rabbit anti-HCN2 (1:2000; Alomone), rabbit anti-Kv4.2 (1:2000; Abcam), anti-actin (1:200,000; Sigma) and anti-synaptophysin (1:200,000; Sigma). Signal intensities were analyzed using ImageTool software (University of Texas Health Science Center). The quantified data (n = 6,4 and 3 independent experiments for HCN1, HCN2 and Kv4.2 respectively) were pooled and averaged, and are presented as the normalized ratio of surface / total channels, with mean ± S.E.M.
Results

Characterization of HCN1-GFP expression and function in cultured hippocampal neurons
To study the trafficking dynamics of HCN1 channels in neurons directly, we established a system that enables pharmacological manipulations and good optical access while preserving the basic properties of a neuronal system (imposed by the unique polarized morphology of neurons and their patterns of electrical activity). We utilized primary hippocampal neuronal culture, where many of the in vivo properties of neurons are recapitulated, and which has been instructive in numerous studies of trafficking and membrane expression of both native and transfected neuronal ion channels (Beattie et al., 2000; El-Husseini et al., 2002) . In the developing rat hippocampus, HCN1 protein expression can be detected as early as P1-2 (Vasilyev and Barish, 2002; Brewster et al., 2007) , and substantial levels of channel protein are found in dendrites of principal neurons starting from the second week of life (Vasilyev and Barish, 2002; Brewster et al., 2007; Bender et al., 2007) . In line with these in vivo observations, immunoreactive HCN1 channels were detected in both somata and dendrites of cultured hippocampal neurons during the 2 nd , 3 rd and 4 th week in culture (Sup. Fig. 1 ).
To visualize HCN1 channels in live neurons, we transfected DNA plasmids that encode GFPfused HCN1 channel proteins. To control for possible interferences of the GFP moiety with channel function or trafficking, we used two independent channel constructs in which a GFP molecule was attached to either the C'-or the N'-terminus of the channel (termed HCN1-GFP and HCN1-GFPn, respectively). Both constructs had similar expression patterns in transfected neurons, as evident by the direct emission of GFP signal (Fig. 1A) , which was distributed in both somata and processes. Immuno-labeling of transfected neurons with two separate HCN1 antisera (see Experimental Procedures) resulted in an overlap of the GFP signal with HCN1 immunoreactivity (Fig. 1B and Sup. Fig. 2) , confirming that the GFP signal in these neurons was derived from the presence of HCN1-GFP channel proteins. Immunostaining of HCN1-GFP-transfected neurons with the dendritic marker MAP2 demonstrated that HCN1-GFP localized to dendrites (Fig. 1C ). Because we aimed to study the HCN1 trafficking in pyramidal cells, we confirmed that HCN1-GFP molecules were expressed in this type of neurons. Immunostaining against the interneuronal marker GAD-65 revealed that the majority of the neurons in culture (Murphy et al., 1998) as well as the neurons that expressed HCN1-GFP were GAD-65 negative and possessed a typical pyramidal-like shape ( Fig. 1D ; see Sup. Fig. 2 for the less frequent expression of HCN1-GFP in interneurons).
To test if the transfected HCN1-GFP molecules in principal hippocampal neurons were expressed on the cell membrane and formed functional channels with properties of endogenous HCN1, we conducted whole-cell recordings of transfected and non-transfected neurons and compared their responses to hyperpolarizing voltage steps. Measuring whole-cell responses of non -transfected neurons to hyperpolarizing steps resulted in I h with properties similar to those observed in hippocampal neurons in vivo at matching developmental stages, and which most likely represent the contribution of both HCN1 and HCN2 channels ( Fig. 2) (Vasilyev and Barish, 2002; Surges et al., 2006; Brewster et al., 2007) . Neurons expressing HCN1-GFP possessed a large I h (maximal amplitude= -535±107 pA; current density = -14.12 pA/ pF; n=12; Fig. 2B ,C and Table 1), that was significantly augmented compared to I h recorded in non-transfected neurons (F=6.964, p<0.01, one-way ANOVA). Further analysis of I h in transfected neurons revealed biophysical properties similar to those previously reported for channels comprised of cloned HCN1 subunits (Robinson and Siegelbaum, 2003; Santoro et al., 2000) : activation kinetics were best fit to a double-exponential function and showed the typical acceleration at more hyperpolarized membrane potentials ( Fig. 2D ; Table 1 ). The gating properties of I h in neurons expressing HCN1-GFP were assessed by plotting a tail-current activation curve fit by Boltzmann equation (see Experimental Procedures). This yielded a V 1/2 value of -77.1 ± 2.6 mV ( Fig. 2D , Table 1 ), in general accord with previous reports on the gating properties of channels comprised of HCN1 subunits in heterologous systems co-transfected with the neuronal HCN1 interacting protein TRIP8b: V 1/2 values of -75 to -78 mV were reported by one study (Lewis et al., 2009 ) and values ranging from -71 to -75 mV were reported by another (Santoro et al., 2009) . (aHCN1) generated signal that co-localized with the GFP signal emitted directly from the HCN1-GFP molecules. Similar results were generated using a commercial anti-HCN1 serum (Sup. Fig. 2) . Insets: higher magnification of a segment of a dendrite. C, Labeling with an antibody against MAP-2, a dendritic marker, revealed that HCN1-GFP channel protein was expressed along dendrites. D, HCN1-GFP was expressed in principal neurons, as indicated by the lack of its co-localization with a GAD-65 antibody. Note the GAD-65-positive bipolar shaped neuron adjacent to the HCN1-GFP transfected, GAD-65-negative cell. Scale bars = 10 μm. The similarity between the expression pattern of HCN1-GFP and native HCN1 channels is apparent when comparing this figure to Sup. Fig.1 .
In addition, both native I h and the current generated in HCN1-transfected neurons were inhibited by extracellular Cs + (1-2 mM; Fig. 2A ; Sup. Fig. 3 ), as established for this conductance (Robinson and Siegelbaum, 2003) . The membrane input resistance of HCN1-GFP-expressing neurons was reduced (Table 1) , as expected for neurons in which I h was upregulated (Robinson and Siegelbaum, 2003; van Welie et al., 2004; Fan et al., 2005) . Both the expression pattern and the functional properties of the HCN1-GFPn construct were similar in N'-and C'-terminus fused HCN1-GFP, demonstrating that the site of GFP insertion did not influence channel expression and function (Sup. Fig. 4 ). Thus, in cultured hippocampal neurons, GFP-fused HCN1 channels were delivered to the cell membrane and possessed functional properties typical of cloned, un-tagged HCN1 channels. Neurons transfected with HCN1-GFP exhibited faster kinetics and more depolarized gating properties, consistent with a current mediated primarily by the HCN1 channel subunit. Application of hyperpolarizing voltage-steps resulted in a typical slowly developing inward current that was sensitive to Cs + (1 mM). B, Transfection of HCN1-GFP resulted in augmented I h , compared with non-transfected, same-age neurons (DIV 9-10). Traces represent whole-cell, un-subtracted currents. C, I h current density in HCN1-GFP-transfected neurons (DIV 7-10; n=12) was significantly higher than in non-transfected (n.t) neurons of the same age (n=8 I h -positive cells; note that at this age only 36% of cells had detectable I h ), and DIV 14-17 (n=11). D, Activation curves from cells transfected with HCN1-GFP showed a depolarizing shift, consistent with I h composed primarily of HCN1 channels. 
Analysis of HCN1-GFP channel trafficking in live neurons
HCN1-GFP channel proteins expressed in neurons were distributed along dendrites in a mixed punctate-diffuse pattern that recapitulated the expression pattern of endogenous HCN1 channels (Fig. 3A,B) . Visualizing GFP-fused HCN1 channel protein in live neurons using time-lapse imaging techniques, we found that many of the HCN1-containing puncta traveled along dendrites ( Fig. 3C,D ; Supplemental Movies 1,2), as well as in the perisomatic region (Supplemental Movie 3). Analysis of over 1500 puncta from 11 neurons revealed that 27.7% ± 5.1% of the puncta were mobile (mean velocity = 0.13 ± 0.01 mm/ s; Fig. 3E ). Mobile puncta exhibited several patterns of movement: the majority traveled bi-directionally, whereas others moved in one direction only (Fig. 3D,F) . Different patterns were also found in the continuity of motion: A small sub-population traveled continuously, whereas most were immobile for relatively long periods, interspersed with bursts of movement. Interestingly, the frequency and duration of puncta mobility correlated with directionality: the same sub-population of puncta that tended to move continuously traveled uni-directionally over relatively long dendritic distances, whereas puncta with little or fragmented motion typically traveled bidirectionally (Fig. 3G ). The mobility of HCN1-GFP-containing puncta was independent of the site of GFP insertion (see Sup. Fig. 4 ). Trafficking dynamics of the HCN1-GFP channels differed significantly from that of channels composed of HCN2 subunits, a distinct channel isoform that is also expressed in hippocampal neurons: HCN2-GFP distribution was less punctate, a smaller proportion of the HCN2-GFP puncta were mobile, and mobile puncta traveled shorter distances and had longer pause periods (Fig. 4) . These distinctive properties of each of the HCN channel isoforms persisted when both isoforms were co-transfected in a single neuron (Fig. 4F,G) .
To examine if the mechanisms of the trafficking of HCN1 channels in neurons involved actin and / or microtubules, we analyzed the mobility of HCN1-GFP-containing puncta in transfected neurons following pharmacological manipulation of these cytoskeletal networks. Incubation with the microtubule de-polymerizing agent Nocodazole (10 µM, 30 minutes) selectively disrupted the integrity of the tubulin network, as evident by the substantial reduction in a-tubulin immunoreactivity, but did not disrupt phalloidin-labeling of f-actin ( Fig. 5A ). Whereas the number and distribution of total HCN1-GFP puncta in transfected neurons were not influenced by Nocodazole treatment (Fig. 5B) , the fraction of mobile puncta was reduced (p < 0.05; Fig. 5C ). Interestingly, Nocodazole-treated cells exhibited a specific reduction in the fraction of puncta that moved relatively long distances (defined as a displacement of at least 8 µm during a 2 minute imaging session; Fig. 5D ). Thus, the population of puncta that remained mobile after Nocodazole treatment (~50% of the original mobile population; Fig. 5C ) exhibited reduction in the total distance traveled from 7.08 ± 0.73 µm before treatment to 4.65 ± 0.55 (n=137 mobile puncta; p<0.05).
Upon application of the cell permeable toxin Jasplakinolide (0.5 µM, 30 minutes), a selective stabilizer of actin filaments (Spector et al., 1999; Bubb et al., 1994) , phalloidin labeling of f-actin in neurons was markedly reduced, as expected because of the competition between Jasplakinolide and phalloidin for the same actin binding site (Spector et al., 1999; Bubb et al., 1994) . Jasplakinolide did not influence a-tubulin immunoreactivity (Fig. 5A ), suggesting that in these experiments, Jasplakinolide was efficiently bound to f-actin without interrupting the microtubule network. Disruption of f-actin dynamics reduced the fraction of mobile HCN1-GFP puncta by ~ 75% (p < 0.05, Fig. 5C ). However, unlike Nocodazole, Jasplakinolide reduced the population of mobile puncta without altering the average distance traveled by the remaining mobile population (5.53 ± 0.51 µm before treatment vs. 5.61 ± 0.85 after treatment; n=158 mobile puncta; p>0.05; Fig. 5D ). Treatment with the DMSO (0.06%) vehicle did not affect the fraction of mobile puncta (Fig. 5C ) or their mobility patterns. These results indicate that intact microtubule and actin networks are essential for the trafficking of populations of HCN1 channels in neurons. G, Correlation between directionality and continuity of the movement of HCN1-GFP puncta. Black symbols refer to the left Y axis, which represents the mean distance traveled by a given punctum during the imaging session (190 seconds), and grey symbols refer to the right Y axis which represents the mean percentage of time in which the puncta were immobile. Puncta that moved bi-directionally (and therefore had low values of "absolute directionality", see Experimental Procedures) tended to cover shorter distances and to experience longer periods of immobility compared to puncta that moved uni-directionally (high values of absolute directionality). Analyses in E-G were based on 384 mobile puncta from 11 neurons derived from five independent cultures. Values = mean ± S.E.M. Scale bars in A,B = 10 μm.
Figure 4 -Isoform specificity of the expression and trafficking patterns of the HCN1 and HCN2 channel isoforms.
A, An image of the GFP signal emitted by a live neuron (9 DIV), 26 hours after transfection with the HCN2-GFP channel construct. Whereas similar to HCN1-GFP, HCN2-GFP expression was apparent in soma and dendrites, the distribution pattern of HCN2-GFP was more diffuse, with fewer identifiable puncta (for comparison, see live neuron expressing HCN1-GFP in Fig. 3A) . B, Analysis of 498 dendritic HCN2-GFP puncta from 6 cells (derived from 3 independent experiments with separate cultures) revealed that only a small sub-population of HCN2-GFP puncta was mobile (6.1% ± 2.1%), significantly less than for HCN1-GFP (27.7% ± 6.1%). C-E, The small sub-population of mobile HCN2-GFP puncta traveled smaller distances compared with HCN1-GFP, as quantified by the mean total distance traveled during the 190 second imaging period (C). The reduced mobility of HCN2-GFP puncta coincided with their longer stationary periods (D), whereas mean velocity corrected for immobile periods did not differ between HCN1-and HCN2-GFP puncta (E). F, The isoformspecific distribution of HCN1-and HCN2-GFP channels persisted when they were co-transfected in the same neurons: in a live neuron co-transfected with mCherry-fused HCN1 and GFP-fused HCN2 at a 1:1 cDNA ratio, HCN1 molecules were distributed in a more punctate pattern when compared to HCN2. Alexa-568-conjugated phalloidin (to label f-actin). Immunoreactivity to a-tubulin was markedly reduced following a 30 minute incubation with the microtubule disrupter Nocodazole, whereas actin labeling in the same cell was intact. Conversely, incubation of neurons with Jasplakinolide, an actin stabilizing drug which competes with phalloidin for the same actin binding site resulted in substantial reduction of the phalloidin signal (indicative of potent binding of the drug to its target) and did not alter a-tubulin immunoreactivity in the same cell. B, Images of HCN1-GFP signal in dendritic segments of live transfected neurons before and after treatment shows lack of significant reduction in the number of HCN1-GFP puncta. C, Comparison of the fraction of mobile puncta before and after treatment with DMSO (vehicle), Nocodazole or Jasplakinolide. For each cell, the fraction of mobile puncta was calculated before and after treatment (paired t-test, *=p<0.05), then normalized to the pre-treatment value. D, Mobile puncta were categorized to long-distance (>8 mm) and short-distance moving, based on the distance they traveled during the 2 minute imaging session. This dichotomization demonstrated the preferential reduction in long-distance movement following Nocodazole but not Jasplakinolide treatment. Data are based on tracking of 486 mobile puncta from 4-5 cells per experimental group. Scale bars in A,B = 10 mm.
Regulation of HCN1-GFP trafficking by ionotropic glutamate receptor activation
We next studied if neuronal stimulation regulated HCN1 channel trafficking. Application of the excitatory amino-acid L-glutamate (10 mM) resulted in a rapid inhibition of HCN1-GFP motion (Fig. 6 and Supplemental Movie 4) in 17 of 18 neurons. This reduction of the proportion of moving puncta commenced within 1 minute following glutamate application and persisted in the presence of glutamate (Fig. 6B) . Glutamate-induced arrest of mobility was reversible: by 30 minutes following the removal of glutamate from the bath solution, the mobility of HCN1-GFP-containing puncta returned to base levels ( Fig. 6D ; Supplemental Movie 5). Vehicle treatment did not influence puncta mobility (Fig. 6B,E) , indicating that potential artifacts from the application procedure or from reduced neuronal viability (e.g from phototoxicity) were unlikely to account for the observed effect of glutamate on HCN1-GFP-puncta movement. The inhibitory effect of glutamate on HCN1 mobility required activation of ionotropic receptors: application of 10 µM glutamate in the presence of the specific NMDA receptor blocker APV (100 µM), or the specific AMPA receptor blocker CNQX (50 µM) fully blocked the glutamate-induced halt of HCN1-GFP mobility (Fig. 6E) .
These experiments indicate that both NMDA and AMPA receptor activation contributed to the suspension of HCN1 channel trafficking. The involvement of calcium in this process was supported by the fact that eliminating calcium from the bath solution abolished the effect of glutamate on HCN1-GFP puncta mobility (Fig. 6E) .
Increased glutamatergic input up-regulates the surface expression of transfected HCN1
To test if glutamate-receptor activation resulted in increased surface expression of transfected HCN1 channels we used an HCN1 channel construct tagged with an extracellular hemagglutinin (HA) recognition sequence (see Experimental Procedures). The expression pattern of HA-HCN1 channels in neurons was similar to that of the HCN1-GFP construct (Fig. 7A) . To differentiate between surface-expressed and intracellular HA-HCN1 channels, we first incubated live neurons with a monoclonal anti-HA antibody under non-permeabilizing conditions to visualize surface channels. This was followed by fixation, membrane permeabilization and incubation with a different anti-HA antibody, to visualize the remaining intracellular HA-HCN1 channels (see Experimental Procedures). Exposure of HA-HCN1-expressing neurons to 10 µM glutamate for 10 minutes led to marked augmentation of the surface-expressed channel signal in both somatic and dendritic compartments ( Fig. 7B-E) . These results indicate that HA-HCN1 channel proteins resided in both intracellular and surface domains, and that increased excitatory input significantly augmented their surface expression.
Figure 6 -HCN1 channel trafficking is reversibly arrested by activation of ionotropic glutamate receptors by an extracellular calcium dependent mechanism. A, Kymographs representing HCN1-GFP puncta movement in dendrites, and its inhibition by 10 mM glutamate. B, Time-course of glutamateinduced arrest of HCN1 channels: quantitative analysis of puncta movements in 2 representative neurons (vehicle and glutamate-treated) before, as well as during the 1-4 minute and the 7-10 minute epochs after treatment. Drastic suppression of puncta mobility was apparent already at 1 minute post glutamate and persisted for at least 10 minutes, whereas no reduction of movement occurred in vehicletreated neurons. C, Quantitative analysis of the number of mobile puncta in neurons exposed to 10 mM glutamate or to vehicle treatment for 10 minutes. Paired data points represent the number of mobile puncta in the same neuron before and after treatment. D, The reduction in the fraction of mobile puncta at 10 minutes post-glutamate (grey column in the left column pair) was reversed after an additional recovery period of 30 minutes. At that time-point the fraction of mobile puncta (grey column in the right pair of columns) did not differ significantly from the pre-treatment value (blank column). There was no significant change in puncta mobility in vehicle-treated neurons throughout the duration of the experiment. E, In the presence of either the AMPA receptor blocker CNQX or the NMDA receptor blocker APV, glutamate no longer arrested puncta mobility (p>0.05). In addition, application of glutamate in a calcium-free solution failed to suppress HCN1-puncta mobility. Puncta were tracked in 4-9 neurons per group (> 7,000 puncta in total). Bars = mean ± S.E.M. **=p<0.01 (paired t-test). 
Increased glutamatergic input augments surface expression of native HCN1 in a reversible manner, and up-regulates I h
Trafficking of over-expressed, exogenous proteins may not fully recapitulate transport of native proteins. In addition, adding a molecular tag such as HA or GFP might lead to structural changes that influence the interaction of HCN channel with other proteins. To address these potential caveats, we examined the effects of glutamate application on both the surface expression and the function of native hippocampal HCN1 channels.
Whole-cell recordings of non-transfected neurons revealed the augmentation of I h amplitude within minutes following glutamate application (Fig. 8A,B) , consistent with previous reports on the activity-dependence of I h in brain-slice preparations (van Welie et al., 2004; Fan et al., 2005) . Using biotinylation of endogenous surface proteins in cultured hippocampal slices, we found that surface expression of HCN1 channels was significantly elevated following 10 minutes of glutamate exposure (2.6 ± 0.7 fold increase, n=6 experiments, Fig. 8C,D) . This effect was isoform-specific, because no significant change in membrane expression was found for the HCN2 channel isoform. In addition, surface expression of the voltagegated potassium channel Kv4.2 did not change significantly following glutamate application, although a trend for its reduction was observed, consistent with previous studies (Kim et al., 2007c) . The glutamate-induced increase in surface HCN1 channels was transient, resolving within 5 hours (Fig. 8C,D) .
Figure 8 -Excitation enhances surface expression of native, functional HCN1 channels. A,
Increased I h amplitude shown as whole-cell responses and tail-currents (inset) in cultured hippocampal neurons 5 minutes after application of the excitatory neurotransmitter glutamate, compared with preapplication. Voltage steps were applied from a holding potential of -50 mV to -100 mV. For presentation, the Ohmic and capacitive currents at the beginning and at the end of the trace were excluded. B, Time-course of glutamate-induced augmentation of I h (tail currents; n=3-6 / time-point / group). C, Biotinylation of surface-expressed, native HCN channels (see Experimental Procedures) demonstrated that exposure to glutamate reversibly augmented surface HCN1 as a fraction of total HCN1 channels. The three left lanes represent total cellular HCN1 protein (intracellular + surface), whereas the right three lanes represent biotinylated, surface-expressed channels (as supported by the absence of the intracellular protein synaptophysin). Unlike the glutamate-dependent, reversible increase of surface HCN1 channel expression, no significant change was found in HCN2 or Kv4.2 surface expression, suggesting that excitation-induced increase of surface expression was selective. Lanes containing surface channels were loaded with 3x the protein loaded for total protein analysis. D, Quantification of surface/ total protein ratios for HCN1, HCN2 and Kv4.2 10 minutes following glutamate application and after a 5 hour recovery period. Mean ± S.E.M (*=p<0.05; n.s= non-significant; two tailed paired t-tests).
Discussion
In this study, we employed live imaging techniques to examine the trafficking of HCN channels in hippocampal neurons. We found that both transfected and endogenous HCN1 channels resided in vesicle-like dendritic structures. HCN1-GFP puncta traveled rapidly, and their trafficking was arrested within minutes by disruption of cytoskeletal network or activation of ionotropic glutamate receptors. Glutamate-induced arrest of HCN1-GFP channels coincided with increased surface expression of both transfected and native channels, and with augmented I h .
The current experiments visualized HCN channels directly, and employed live imaging to characterize their trafficking and its regulation in live neurons. HCN1 channels have been expressed and studied extensively in heterologous systems (Wainger et al., 2001; Moroni et al., 2001; Proenza et al., 2002; Much et al., 2003; Gravante et al., 2004) , which enabled the characterization of their biophysical properties and basic regulatory mechanisms. However, heterologous expression systems may not capture the full complexity of channel behavior and regulation in neurons. For example, activity-dependent heteromerization of HCN channel isoforms cannot be studied in non-neuronal cells because heteromerization in these cells is almost non-selective (Much et al., 2003; Zha et al., 2008) . In addition, studying activitydependent regulation of channel trafficking and surface expression depends on membrane excitability and thus requires neuronal systems. Expression of HCN channels in hippocampal neurons, as described here, enables studying the repertoire of regulatory mechanisms of these channels.
The use of HCN1-GFP channels might raise questions regarding the similarities between native and transfected channel behavior. As described above, the distribution and properties of HCN1-GFP in primary hippocampal neurons recapitulated most, but not all of the features of native HCN1 channels in vivo. Thus, exogenous HCN channels generated I h , indicating that they were inserted within the membrane in a functional manner. Notably, the properties of I h in neurons that over-expressed HCN1-GFP were consistent with those of channels comprised of the HCN1 subunit, which is the major subunit in adult hippocampal CA1 pyramidal cells. Whereas heteromerization of HCN1/HCN2 isoforms may differ in native cells and those transfected with HCN1, the regulation of HCN1 channel trafficking by the auxiliary protein TRIP8b in dissociated hippocampal cultures was similar to that found in vivo (Lewis et al., 2009; Santoro et al., 2009) . The dendritic distribution of both transfected and endogenous HCN1 channels in dissociated hippocampal neurons did not show the distal / proximal gradient found in CA1 hippocampal pyramidal cells in vivo (Magee, 1999; Brewster et al., 2002; Lorincz et al., 2002) . This is not surprising: the establishment and maintenance of the somatodendritic gradient requires long-term excitatory input from the temporoammonic pathway (Shin and Chetkovich, 2007) , and this laminated input is absent in primary hippocampal cultures.
Neuronal expression of GFP-fused HCN1 channels was compared to that of the HCN2 isoform. In the rodent hippocampus, both HCN1 and HCN2 channel subunits are expressed, often in the same neurons (Brewster et al., 2002; Brewster et al. 2005 ) and can form either homomeric or heteromeric channel complexes with distinct functional properties (Ulens and Tytgat, 2000; Chen et al., 2001b) . In vivo, there are several lines of evidence for differential regulation of the HCN1 and HCN2 isoform trafficking. For example, different spatiotemporal distribution patterns of these subunits have been found in the developing hippocampus, and their expression is differentially regulated by seizure activity (Brewster et al., 2002; Brewster et al., 2007) . Recent studies have reported differences in the regulation of HCN1 and HCN2 by the auxiliary protein TRIP8b, which influences surface expression of these channels (Zolles et al., 2009; Santoro et al., 2009 ). Accordingly, we found here isoform-specific trafficking dynamics: HCN2-contining puncta had overall reduced mobility compared to HCN1-containing puncta. In addition, unlike HCN1, surface expression of the native HCN2 isoform was unaltered after exposure to glutamatergic excitation. These finding raise the possibility that the distinctive regulation of HCN1 and HCN2 channel trafficking and surface expression are a result of differential interaction with auxiliary proteins (Gravante et al., 2004) .
Activation of ionotropic glutamate receptors resulted in a dramatic and rapid suspension of motion that was associated with increased surface expression, measured using selective immunolabeling of surface channels. Selective blockade of either AMPA-or NMDAtype glutamate receptors, as well as removal of calcium from the bath solution, abolished the inhibitory effect of glutamate on HCN1 trafficking. The contribution of both of these receptors might be sequential: glutamatergic signaling first activates AMPA receptors leading to membrane depolarization that promotes the removal of the Mg 2+ block from NMDA receptors. The latter facilitates ionic influx through the NMDA receptors, thus contributing to the rise in intracellular calcium levels. Alternatively, Ca 2+ -permeable AMPA receptors have been shown to reside in dendrites of hippocampal pyramidal neurons (Yin et al., 1999; Ogoshi and Weiss, 2003) and therefore may provide a direct route for Ca 2+ influx, which may be further enhanced by NMDA receptors and other sources of calcium.
The glutamate-induced arrest of the dendritic mobility of HCN1-GFP channels was associated with an increase in their surface expression. An association between reduced or arrested protein mobility and the insertion of the same protein into the membrane has been reported in a number of studies, suggesting that vesicular insertion of intracellular protein-carrying organelles into the plasma membrane may result in the inhibition of their movement. This might be a result of the more viscous properties of the membrane compared to the cytoplasm, of the action of anchoring complexes, or both. Such an activity-dependent relationship has been established for Semaphorin 3A (de Wit et al., 2006; de Wit et al. 2009 ) and for the ion channel TRPC5, which was studied in HEK293 cells (Bezzerides et al., 2004) . Future studies will attempt to examine if the same HCN1-GFP channel puncta that are arrested by glutamate are inserted into the membrane.
Whereas over-expression of ion channels might overwhelm or alter cellular processes, we found here that surface expression of both transfected and native, endogenous HCN1 channels was enhanced by glutamate application. Augmentation of I h within minutes of neuronal stimulation by direct glutamate application, by theta-burst-induced LTP, or by pharmacologically-induced synaptic activity has been previously reported (van Welie et al., 2004; Fan et al., 2005) . This up-regulation is thought to serve an important homeostatic role: by reducing input-resistance, increased I h functions to dampen neuronal excitability in response to enhanced depolarizing input. The results of the current studies suggest that up-regulation of I h may be accomplished via I h altered trafficking and increased surface expression of HCN1 channels.
The findings described above demonstrate for the first time rapid HCN1 trafficking in neurons as a dynamic process that is regulated by neuronal activity within a time scale of minutes. These channels can thus be added to the roster of ion channels whose trafficking is regulated rapidly by activity, an effect that may influence intrinsic neuronal excitability (Misonou et al., 2004; Kim et al., 2007c; Green et al., 2007; Chung et al., 2009a) . Whereas for HCN1 we found activity-dependent arrest of mobility and augmented membrane expression, the trafficking of other channels was influenced by network activity in distinct ways, including alterations of internalization (Kim et al., 2007c; Green et al., 2007) , recycling (Chung et al., 2009a) or clustering (Misonou et al., 2004) . Thus, regulation of ion channel trafficking provides a mechanism for rapid alterations in neuronal excitability, which in turn, contributes to neuronal plasticity. In addition, orchestrated co-regulation of the trafficking of several ion channels, such as HCN and potassium channels might be the basis of the observed coordinated regulation of I h and I A or I k-leak Meuth et al., 2006; Budde et al., 2008) . This coordinated regulation of channels with opposing properties helps preserve neuronal properties and permit their fine-tuning. Future studies will examine whether the mechanisms involved in activity-dependent trafficking and surface expression of HCN and co-regulated channels share common molecular mediators.
In summary, we demonstrate and characterize here the dynamics and activity-dependent regulation of HCN channel trafficking and surface expression in neurons. We suggest that the rapid regulation of HCN1 channel surface expression found here might provide a novel mechanism for activity-dependent changes in I h . These, in turn, influence neuronal excitability in changing physiological--and perhaps pathological--contexts. 
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Supplemental movie legends
Movie S1 -Trafficking of HCN1-GFP-containing puncta along dendrites, demonstrated using timelapse live imaging. The movie depicts numerous HCN1-GFP puncta that exhibit diverse mobility patterns. Images were acquired every 5 seconds, for a total of 3:10 minutes. Two puncta that travel rapidly and in a unidirectional manner (from left to right, representing distal to proximal direction) are marked with grey arrows. In contrast, several puncta (marked by white arrows) travel bi-directionally and for restricted distances. This latter type of motion is exemplified also in Supplemental Movie S2.
Movie S2 -Dynamics of HCN1-GFP puncta in restricted dendritic domains. The restricted motion of two dendritic HCN1-GFP puncta positioned in close proximity (1-2 mm apart) and that seem to move in opposite directions, is shown: Yellow, orange and red represent progressively increased light intensity, as is the amplitude of the Z vector. This 3 dimensional graphic depiction of intensity over time was created using a custom -written program in MATLAB.
Movie S3 -Motion of HCN1-GFP-containing puncta in soma and peri-somatic regions as revealed by time-lapse live imaging. The movie demonstrates HCN1-GFP puncta in the soma and proximal dendrites of a transfected pyramidal-like neuron. A sub-population of these puncta is mobile. Images were acquired every 5 seconds, for a total of 3:10 minutes.
Movie S4 -Glutamate-induced arrest of HCN1-GFP-puncta motion. The two parts of the movie were acquired using time lapse imaging from the same dendritic region of the same HCN1-GFP-transfected neuron. Images were acquired every 5 seconds during a 3-minute epoch before and 1-4 minutes after application of 10 mM L-glutamate.
Movie S5 -Recovery from glutamate-induced arrest of HCN1-GFP-puncta mobility. This movie is divided into three parts, acquired using time lapse imaging from the same HCN1-GFP-transfected neuron. Images were acquired every 5 seconds during a 100 second epoch before, at 8-10 minutes after application of 10 mM L-glutamate (which lasted for 10 minutes), and one hour after the removal of glutamate. Note the robust re-instatement of both short and long-distance trafficking of HCN1-GFP puncta in the third, recovery segment of the movie.
Movies are available online at the following locations: S1 
